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Energy Efficiency: A Rising Concern Q%

Operations

) Matters Everywhere: Data centers use more eletricity

than entire countries
* Low-power Embedded/loT systems: Domestic eletricity consumption of selected
countries vs. data centers in 2020 in TWh

Energy Efficiency (

Power-Time

e Battery life

* Thermal limit (Passive cooling)

Nigeria . 29
* High-performance computing (HPC): Colombia [ 73
* Thermal limit (Thermal Design Power) Argentina [N 124
 Total cost of ownership eoypt N 153

South Africa 208

Data centers NN/, 200-250
Indonesia | 266
Uk | 22

@D Source; Enerdata, IEA

Nano-size UAV drones Data center electricity consumption
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Energy Efficiency: A Rising Concern

Prevailing Energy Efficient Design: Heterogeneous CPU cluster
* High Performance Core + Low Power Core

» Balance Peak Performance with Power-Efficient Handling of Lightweight Tasks

I Cortex-AT5 Cortex-A55

32b/64b CPU 32b/64b CPU

Private L2 cache Private L2 cache

ARM Cortex-A75 ARM Cortex-A55
Decode width: 3 Decode width: 2
Out-of-order Issue In-order Issue
Pipeline stages: 11-13 | | Pipeline stages: 8

Intel Performance Cores and ARM big.LITTLE design
Efficient Cores

ARM big.LITTLE
Example: A75 + A55
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Energy Efficiency: A Rising Concern

Big Core Little Core
ARM Cortex-A75 ARM Cortex-A55
Decode width: 3 Decode width: 2
Out-of-order Issue In-order Issue

Pipeline stages: 11-13 Pipeline stages: 8

4 Sifie

‘ AR VIET A,
!! . .l‘ :l
WAk
| Lo

1 [ ""“’7: MOMA SOCTER STLDIORUR ~ -~ . .
El'qur,'ch gl NIRRT AT RAIREN &Z’ZM—-—- Fu et al. | Computing Frontiers | 2025-05-29 ':I 4



Energy Efficiency: A Rising Concern Q@

Big Core Little Core
Decode width: \Wide Decode width: Narrow
Out-of-order Issue In-order Issue
Pipeline stages: >10 | Pipeline stages: 3~10

Which core offers better
Energy Efficiency ?
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Superscalar & 000 Cores are Less Energy Efficient? Q%
I

* The belief of inherently inefficiency of Superscalar / 000 cores...

* Complex & power-hungry scheduling hardware

» Speculative execution overheads
» Typically deeper pipeline and higher frequency

« But with superscalar / 000 (and other HW structs), we have the benefit .

Energy
Inefficiency

» Higher IPC & throughput, shorter execution time
« Better branch prediction to reduce the miss penalty Energy

« Higher frequency, shorter execution time Efficiency

e Is Superscalar / 000 always Less Energy Efficient?
® How much we can push the Core Performance before we
become Truly Inefficient ?
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Contributions

We conduct a detailed and fair comparative analysis of
Performance, Area, Power, and Enerqgy Efficiency

/ N\

Three open-source cores w/ Base ISA (RV64IMAFDC)

different M- a‘;Ch FAI R SoC environment
« CVAGb Technology node (GF22 FDX)
+ CVAGS+ €® . Comparison

EDA tools

. €910 I3 XUANTIE

Implementation methodology

github.com/pulp-platform/cvab o

B binaries
github.com/pulp-platform/pulp-c910 enchmark binari %
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It’s NOT Easy to Assess & Compare Energy Efficiency Q%l

- Why not commercial cores
Closed-source black boxes
Different ISAs and Extensions
Different Platforms and IPs
Different Technology and Methodologies
Different Benchmark Suites, Compilation Tools and Flags
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It’s NOT Easy to Assess & Compare Energy Efficiency Q%

Open-Sou F'CE RISC-V Cores to the Rescue! </ @

RISC

. CVAG6! single Decode Width, In-Order, 6-stage RV64 Core 4% w
. CVAG6S+ Dual Decode Width, In-Order,  6-stage RV64 Core %

. C910? Three Decode Width, Out-of-Order, 12-stage RV64 Core f-3 XUANTIE

All Written in Verilog/SystemVerilog:
Backend Tools Friendly!

[1] F. Zaruba and L. Benini, "The Cost of Application-Class Processing: Energy and Performance Analysis of a Linux-Ready 1.7-GHz 64-Bit RISC-V Core in 22-nm FDSOI Technology", IEEE VLSI, 2019
[2] Chen, C, et al. "Xuantie-910: A commercial multi-core 12-stage pipeline out-of-order 64-bit high performance RISC-V processor with vector extension: Industrial product “, ACM/IEEE ISCA, 2020
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Next, Let’s go into the Details of their p-architecture
Difference
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CVA6 1 Decode, In-Order, 6-stage

Micro-architecture: CVA6

C910 3 Decode, 000, 12-stage

 RV64IMAFDC, Linux Capable;

- 6-stage, Single-issue, In-order; O s A =
> A
« IF: 32-bit instruction fetch;

A

1 I-::.:i” } F f e | D Issue Buffer | - Tl::lﬁﬂ.'S-l.ﬁrEPiFlE Retire
- na . Logic
 BP: Basic 128-entry BHT, 32- | 2T . - ALUBRED  [Regrie
48B) i Rlry --Dh- . Write
entry BTB, and 2-entry RAS; ity W = AL e

Y

Brar: I pipe i
« Scoreboard: 8-entry, track in- o s L

flight instr, data dependency;

CSR
.25k

CVAG6 pArchitecture

« Commit: Up to 2 instrs per cycle
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History Table (PHBHT) predictor

ETHziirich ' wnawnee fpg

Better BP: Private History Branch

Micro-architecture: CVA6 = CVA6S+

CVA6

C910

1 Decode, In-Order, 6-stage

3 Decode, 000,

CVAG6S+ 2 Decode, In-Order, 6-stage

12-stage

" Wider | Deeper | Bigger | “New |
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CVAG6S+ pArchitecture
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Micro-architecture: CVA6 = CVA6S+

» Better BP: Private History Branch

CVA6 1 Decode, In-Order, 6-stage

CVAG6S+ 2 Decode, In-Order, 6-stage
C910

3 Decode, 000, 12-stage

" Wider | Deeper | Bigger | “New |

History Table (PHBHT) predictor

» [TLE
L] el O
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. . > (7 ey, i-arry - < [E-wiay,
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* inal Logic
.
> (1?;2:?& > AL pipe 0 RegFile
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IF 1 IF 2 [[v] 15 FEqrt £lan FPU pipe WH

CVAG6S+ pArchitecture
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CVA6 1 Decode, In-Order, 6-stage

Micro-architecture: CVA6 =2 CVAG6S+

C910 3 Decode, 000, 12-stage

» Better BP: Private History Branch

History Table (PHBHT) predictor = S

" !T"u LZ TLG
LT s Sl B e [ o
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Micro-architecture: CVA6 = CVA6S+

« Better BP: Private History Branch

CVA6 1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage
C910 3 Decode, 000, 12-stage

" Wider | Deeper | Bigger | “New |

History Table (PHBHT) predictor
« Wider IF: 64-bit fetch, up to 4

>

TLg

instructions;
« Wider ID: 2 decoders;

 WiderIS: 2 issue width;
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CVA6 1 Decode, In-Order, 6-stage

Micro-architecture: CVA6 =2 CVAG6S+

C910 3 Decode, 000, 12-stage

» Better BP: Private History Branch

History Table (PHBHT) predictor = S

« Wider IF: 64-bit fetch, up to 4 [y < |
instructions; 2 preitice
« Wider ID: 2 decoders; ii ................... mn% :

J"“ Bran | pipe
> e Ffudd

S Comnwer-

IF 1 IF 2 (] [ FEqrt || elan FPU pipe WE

CVAG6S+ pArchitecture

 WiderIS: 2 issue width;

« Wider EX: 2 ALUs + ALU-to-ALU
forwarding
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Micro-architecture: C910

ETHzirich

CVA6

C910

3 Decode, 000,

1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage

12-stage

" Wider | Deeper | Bigger | “New |
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Micro-architecture: C910

CVA6 1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage
C910 3 Decode, 000, 12-stage

g4-bit
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Micro-architecture: C910

Deeper Pipeline: 12 stages

3 Decode, 000,

1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage

12-stage

|
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Retire
Logic
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Micro-architecture: C910

Deeper Pipeline: 12 stages
Wider IF: 128-bit fetch
Advanced Branch Prediction:

32K-entry BHT

16-entry LO BTB + 4K-entry L1 BTB
+ 256-entry Indir BTB

12-entry RAS

-

ETHziirich = wnaswarese rpader—

3 Decode, 000,

1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage

12-stage

Retire

Irndirec: ATA
(P53 enlry, O.TFRA)

RegFile
J i Write
({511
Srandn | |
andh|
FAdd
- FiZomp
————— 7
WH

C910 pArchitecture
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Micro-architecture: C910

Deeper Pipeline: 12 stages
Wider IF: 128-bit fetch

Advanced Branch Prediction:
* 32K-entry BHT
* 16-entry LO BTB + 4K-entry L1 BTB
+ 256-entry Indir BTB
* 12-entry RAS

Wider ID: 3 decoders

-

ETHziirich i wwaswreee  ppadar—

3 Decode, 000,

1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage

12-stage

Retire

Irndirec: ATA
(P53 enlry, O.TFRA)

Logic
RegFile
| Write
Fudd FComp
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WH

C910 pArchitecture
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Micro-architecture: C910

 Deeper Pipeline: 12 stages
 Wider IF: 128-bit fetch
 Advanced Branch Prediction:
* 32K-entry BHT
* 16-entry LO BTB + 4K-entry L1 BTB
+ 256-entry Indir BTB
* 12-entry RAS
*  Wider ID: 3 decoders
* Qut-of-Order Support
*  Wider IS: 8 issue pipe
* Larger Buffers & Register Files:
* 64-entry ROB
* 96-entry physical regfile

-

ETHziirich = wnaswarese rpader—

CVA6 1 Decode, In-Order, 6-stage

CVAG6S+ 2 Decode, In-Order, 6-stage
C910

3 Decode, 000, 12-stage

3
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E4KE)
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fred 15
» e
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Retire
A Logic
| DRETR
(18 enliy) RegFile
Write
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C910 pArchitecture
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Micro-architecture: C910

 Deeper Pipeline: 12 stages
* Wider IF: 128-bit fetch

 Advanced Branch Prediction:
* 32K-entry BHT
* 16-entry LO BTB + 4K-entry L1 BTB
+ 256-entry Indir BTB
* 12-entry RAS
*  Wider ID: 3 decoders
* Qut-of-Order Support
*  Wider IS: 8 issue pipe
* Larger Buffers & Register Files:
* 64-entry ROB
* 96-entry physical regfile
* Function Units:
* 2 Int pipes
* 2 FP pipes
e 1 Branch pipe
e LSU: Id/st pipes

ETHziirich = wnaswarese rpader—

CVA6 1 Decode, In-Order, 6-stage

CVAG6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

1
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CVA6 1 Decode, In-Order, 6-stage
Ta ke a Wa y CVA6S+ 2 Decode, In-Order, 6-stage
C910 3 Decode, 000, 12-stage

- The key p-arch complexity difference of three cores
1. Branch predictor CVA6 < CVA6S+ << C910
2. Scoreboard/ROB CVA6 = CVAGS+ << C910
3. Issue stage CVA6 = CVA6S+ << (C910
4. Execution stage CVAb6 < CVAG6S+ << C910
5. Load-store Unit CVA6 = CVAGS+ << C910

0

0

' i U
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P | a tfo r m : C h e S h i re 1 CVA6S+ 2 Decode, In-Order, 6-stage

[1] Ottaviano, et al. "Cheshire: A lightweight, linux-capable risc-v host platform for
domain-specific accelerator plug-in". IEEE TCAS, 2023

Modular Platform

Integrate all three cores into Cheshire

CVA6 1 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

Device configs

: reg_ext slv®
: cfeRegExtNumSh

Linux-capable and configurable for
application-class RISC-V cores.

Standard interrupt, debug, and memory Fair Comparlsons :h
interfaces @ NE——

¢fg MumCores

Same memory hierarchy and bandwidth
Same timer and interrupt Supports; Diagram of the Cheshire SoC
Same peripherals;

Same software stack.

LR
e
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Memory Subsystem

* Align memory subsystem as much as possible

« L1 Cache (Integration with LSUs per core)
« Data cache: 64 KB, 2 ways
* Instr cache: 64 KB, 2 ways

AXI4+ATOP
AXI4+ATOP
XBAR

W
4
O
O
=
Q
@
@

« Last-level Cache (On Cheshire SoC)

« 128 KB, 8 ways
Memory hierarchy of the Cheshire SoC

 Memory Interface
* 64-bit width AXI
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Next, Let’s Take a Look at the Performance
Benchmarking
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Software Benchmark Setup

e Suits

« CoreMark CoreMark®

* Industry-standard core performance metric.
. . : : : . An EEMBC Benchmark
» List processing, matrix manipulation, state machine, CRC

« Embench-loT Suite
 Embedded/loT applications

* RaiderSTREAM Suite
* Adapted from the STREAM benchmark.
«  Memory bandwidth benchmark
» Sequential & irregular access (cold cache)

e Environment

* Bare metal: No OS overhead, used for both IPC and power
e RTL simulation: QuestaSim 2021.3
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Performance (IPC) Results

Normalized Value (% relative to CVAG)

ETH:ziirich v (pr e —

N CVAG6
m CVAGS+
. C910

1 Decode, In-Order, 6-stage
CVA6S+ 2 Decode, In-Order, 6-stage
3 Decode, 000,

+130%

+122%

CoreMark

Embench (IPC) RaiderSTREAM (BW)

Performance comparison on different benchmarks

Fu et al. | Computing Frontiers | 2025-05-29



Performance Results

240%

 |PC (avg. Coremark & Embench) ..
« CVA6S+ ~1.3xCVA6 200%
. €910  ~2.3xCVA6

160%
140%
120%
100%

80%

60%

Normalized Value (% relative to CVAG)

40%
20%

0%

ETHziirich

AN l{' sTL )I()Illl

R MR ATER &zm___,

C910 3 Decode, 000,

CVA6 1 Decode, In-Order, 6-stage

CVA6S+ 2 Decode, In-Order, 6-stage

12-stage

N CVAG6
BN CVAG6S+
. C910

CoreMark Embench (IPC)

+122%

Performance comparison on different benchmarks
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Performance Results

« CVA6S+ ~1.3xCVAGb
- (€910 ~2.3x CVA6

- Memory subsystem BW

(RaiderSTREAM)
« CVAG6S+ = CVAG6 (Same LSU)
« C910 ~1.9x CVA6

il

E .I:"l*'i-*/':'- MLMA SMATER STUDIORURK -
Zur,'c “’A SR aRR AT R AR m___._‘

Normalized Value (% relative to CVAG)

240% A

« |PC (avg. Coremark & Embench) ..

1 W=m C910
200% A

180% -
160% -
140% -
120% -
100% -

80% -

60% -

+122%

N CVAG6
BN CVAG6S+

CoreMark

Embench (IPC)

CVA6 1 Decode, In-Order, 6-stage
CVA6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

+130%

RaiderSTREAM (BW)

Performance comparison on different benchmarks
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Next, Let’s Have a Look at the Backend
Implementation
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Backend Flow & Methodology 0%

* Technology ‘ B
»  GlobalFoundries 22 FDX (22nm FD-SOI) "I

* Timing evaluation at global worst-case corner, 0.72 V, 125 °C

GlobalFoundries

* Synthesis

« Synopsys Design Compiler 2022.12 SynUPS‘/Sb

* Physical implementation
« (Cadence Innovus 20.12

* Power analysis

* Tool: Synopsys PrimeTime 2022.03.
« At typical corner, 0.80V, 25°C

cadence

PRI

CE e W

- ‘ bl L
P IR

oo LD o -
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CVA6 1 Decode, In-Order, 6-stage

Backend Results: Timing

C910 3 Decode, 000, 12-stage

—e— (910 ' 1718

The CVA6 and CVA6S+ can meet ~900MHz,

C910 can meet ~1300 MHz

0.72 0.80 0.88
Supply Voltage (V)

Max Freq under Different Supply Voltages

PRI

vk

- ol
P B

e r P . ) -
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Next is the Area Breakdown
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Backend Results: Area

CVA6 1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage
C910 3 Decode, 000, 12-stage

T —

© :

< : :

O 50 90 77 107 25 37 67 804
2.2% 3.9% 3.4% 4.7% 1.1% 1.6% 2.9% 35.2%

& m—

(o)

<

O 103 111 25 47 805

4.3% 4.6% 1.0% 1.9% 33.4%

o Decode & Issue Int Exe Icache

p=y 702 240 692

O 17.6% 6.0% 17.3%

31.2%
Dcache ResH]
626 97
15.7% D 4%

748
32.8%

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

Area (in kGE)

Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

ETHziirich

4 Siie %
AR VIET A,
C TR
0% 1

LY
P TR

RERS. L naTER oY " 4 -~ -
R AR &Lm_.—. Fu et al. | Computing Frontiers | 2025-05-29 ':I 36



CVA6 1 Decode, In-Order, 6-stage

B a C ke n d R e S u Its : A re a CVAG6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

L
<
S
O 77 107 25 37 67 804 748
3.4% 4.7% 1.1% 1.6% 2.9% 35.2% 32.8%
& —
(o) )
§ |
O 103 111 25 47 805 752
4.3% 4.6% 1.0% 1.9% 33.4% 31.2%

() Decode & Issue Int Exe Icache Dcache ResH]
p=y 702 240 692 626 97
Q 17.6% 6.0% 17.3% 15.7% D.4%

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400
Area (in kGE)
Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

* Fetch Unit
- CVAb 50 kGE: 128-entry BHT, 32-entry BTB
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CVA6 1 Decode, In-Order, 6-stage

B a C ke n d R e S u Its : A re a CVAG6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

L

<
>
O 77 107 25 37 67 804 748

3.4% 4.7% 1.1% 1.6% 2.9% 35.2% 32.8%
& —
Y]
g
O 103 111 25 47 67 805 752

4.3% 4.6% 1.0% 1.9% 2.8% 33.4% 31.2%
o Decode & Issue Int Exe Icache Dcache Rest]
p=y 702 240 692 626 97
Q 17.6% 6.0% 17.3% 15.7% D 4%

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400
Area (in kGE)
Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

* Fetch Unit
- CVAb 50 kGE: 128-entry BHT, 32-entry BTB
« CVA6S+ 100 kGE (2x): larger BHT (w/ private history)
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CVA6 1 Decode, In-Order, 6-stage

B a C ke n d R e S u Its : A re a CVAG6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage
129 E

50 90 77 107 25 37 67 804 748
2.2% 3.9% 3.4% 4.7% 1.1% 1.6% 2.9% 35.2% 32.8%

Total: 2408 kGE
(‘_ |

111 25 47
4.6% 1.0% 1.9%

CVA6

67 805 752
2.8% 33.4% 31.2%

103
4.3%

CVAG6S+

o Decode & Issue Int Exe Icache Dcache Rest
; 702 240 692 626 97
Q 17.6% 6.0% 17.3% 15.7% D.4%

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400
Area (in kGE)
Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

* Fetch Unit
- CVAb 50 kGE: 128-entry BHT, 32-entry BTB
« CVAG6S+ 100 kGE (2x): larger BHT (w/ private history)
« (910 417 kGE (8.3x): much larger BHT (32K-entry) and BTB (4K-entry L1 BTB)
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Backend Results: Area

CVA6 1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage
C910 3 Decode, 000, 12-stage

i e

CVA6

CVAG6S+

C910

90 107 25 37 67 804
2. 2% 3 9% 3 4% 4.7% 1.1% 1.6% 2.9% 35.2%

Tt12408k E

V]
103 111 25 47 805
4.3% 4.6% 1.0% 1.9% 33.4%
Decode & Issue Int Exe Icache
702 240 692
17.6% 6.0% 17.3%

748
32.8%
752
31.2%
Dcache Rest
626 97
15.7% D 4%

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

Area (in kGE)

Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

 Decode & Issue Unit
« CVA6 90 kGE: 1 decoder, in-order issue logic
ETH:iirich
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Backend Results: Area

CVA6

1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage
1 22
2@ RS —
>
Ul 50 90 77 25 I 37 I 67 804 748 -
2.2% 3.9% 3.4% 1.1% 1.6% 2.9% 35.2% 32.8%
5 =
(V2]
O
<
G Jo3 I 25 I 47 I 67 805 752 -
3% 1.0% 1.9% 2.8% 33.4% 31.2%

o Decode & Issue Int Exe Icache Dcache Rest]
= 702 240 692 626 97
S 17.6% 6.0% 17.3% 15.7% b 49

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

Area (in kGE)
Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.
e Decode & Issue Unit
« CVA6 90 kGE: 1 decoder, in-order issue logic
« CVAG6S+ 120 kGE (1.3x): 2 decoders
, >0
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Backend Results: Area

CVA6 1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage
C910 3 Decode, 000, 12-stage

W 22%3 EﬁE ‘

50 90
2.2% 3.9%

Total: 2408 k(iE

CVA6

CVAG6S+

Decode & Issue
702
17.6%

C910

L
25 37 67
1.1% 1.6% 2.9%
|
25 47 67
1.0% 1.9% 2.8%

804
35.2%

748
32.8%
752
31.2%
Dcache Rest
626 97
15.7% D .4%

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

Area (in kGE)

Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

e Decode & Issue Unit

« CVA6 90 kGE: 1 decoder, in-order issue logic
« CVAG6S+ 120 kGE (1.3x): 2 decoders

« (910 702 kGE (7.8x): 3 decoders, 000 issue logic
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Backend Results: Area

CVA6 1 Decode, In-Order, 6-stage
CVAG6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

W 22%3 EﬁE ‘

50 90 77 107
2.2% 3.9% 3.4% 4.7%

Total: 2408 k(iE

CVA6

+

wn

- .

5 103 111
4.3% 4.6%

o Decode & Issue Int Exe

; 702 240

O 17.6% 6.0%

25
1.1%

0 200 400 600

67 804
2.9% 35.2%

67 805
2.8% 33.4%

748
32.8%
752
31.2%
Dcache Rest
626 97
15.7% D 4%

Area (in kGE)

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

* Retire Logic
« CVAG6

37 kGE: 8-entry scoreboard

« CVAGS+ 47 kGE (1.3x): wider retire logic

« (910

-

o rd
SR WM MCTER STL DIORUR
ZUICHN 050 RS zia

299 kGE (8.1x): 64-entry ROB & wider retire logic
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CVA6 1 Decode, In-Order, 6-stage

B a C ke n d R e S u Its : A re a CVAG6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

CVA6

50 90 77 107 25 37 67 804 748
2.2% 3.9% 3.4% 4.7% 1.1% 1.6% 2.9% 35.2% 32.8%

A ()52

111 25 47
4.6% 1.0% 1.9%

Fetch Decode & Issue nt exe FPU

100
4.2%

120 103
5.0% 4.3%

CVAG6S+

2.8% 33.4% 31.2%

o LSU Retire MMU cache Jcache Res
b= 417 702 240 EEL 338 299 245 692 626 97J
(@ 10.4% 17.6% 6.0% 8.4% 8.5% 7.5% 6.1% 17.3% 15.7% .49

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400
Area (in kGE)
Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

 In Total
- CVA6 2,282 kGE
. CVAG6S+ 2,408 kGE (1.06x)
. (€910 3,992 kGE (1.75x)
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Then is the Power Breakdown
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CVA6 1 Decode, In-Order, 6-stage

B a C ke n d R e S u Its : Powe r CVAG6S+ 2 Decode, In-Order, 6-stage
C910 3 Decode, 000, 12-stage
R e Rl ™ =

2/2.1 0.2/1.8 0.2/3.0 0. ’ 0.7/15.4 1.8/14.0 .8/2.6
4.7% 2.9% 4.6% 14 23.0% 22.6% 6.3%

CVAG6

+
(73]
O
S !
ol 2.2/17.4 0.8/16.2 1.9/15.3
20.8% 18.1% 18.3%
g Decode & Issue Icache Dcache
= 4.6/54.6 0.4/29.6 0.4/21.0
o 27.6% 13.9% 10.0%
0 25 50 75 100 125 150 175 200

Power (in mW)

Power Breakdown (Leakage/Dynamic Power) [mW] near the respective maximum target operating frequency:
CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz. Benchmark: matmult-int

* Issue Logic
« CVA6  11.7 mW: single-issue, in-order
« CVABS+ 19.6 mW (1.7x): 2-issue
« (910 59.2 mW (5.1x): 3-issue, Out-of-Order
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CVA6 1 Decode, In-Order, 6-stage

B a C ke n d Re S u Its : Powe r CVAG6S+ 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

2/2.1 0.2/1.8 0.2/3.0 0. ’ 0.7/15.4 1.8/14.0 .8/2.6
7% 2.9% 4.6% 14 23.0% 22.6% 6.3%

CVAG6

CVA6S+

2.2/17.4 ] 0323 | : 0.8/16.2 1.9/15.3
20.8% A 28% | 8%

Si Decode & Issue i LSU Icache Dcache
ol 4.6/54.6 . 1.4/18.7 0.4/29.6 0.4/21.0
& ‘ 27.6% i 9.4% 0% 0.0%

0 25 50 75 100 125 150 175 200
Power (in mW)

Power Breakdown (Leakage/Dynamic Power) [mW] near the respective maximum target operating frequency:
CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz. Benchmark: matmult-int

 |In Total
« CVA6 69.88 mW

« CVA65+ 94.29 mW (1.35x)
. (€910  214.81 mW (3.1x)
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CVA6 1 Decode, In-Order, 6-stage

Putting it all together: Efficiency

C910 3 Decode, 000, 12-stage

- Area Efficiency (GOPS/mm?) 4

leads, notably

Reasonable p-arch designs can convert the

increased Area into Perf improvement

01 : ,' : ‘, : i :
from Superscalar OoO exe, 0 200 400 600 800 1000 1200 1400
overweighs increased area Target Frequency (MHz)
(a) Area Efficiency [GOPS/mm?]
* numbers with the same config of cache
: i

e - e
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Putting it all together: Efficiency

CVA6 1 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

- Energy Efficiency (GOPS/W) (., —

better when target freq
<50

Reasonable p-arch designs can convert the
increased POwer into Perf improvement

CI1(

10
500MHz 0 200 400 600 800 1000 1200 1400

Target Frequency (MHz)
(b) Energy Efficiency [GOPS/W]

* numbers with the same config of cache

Design targets at a higher freq
The IPC gain from the
complicated structures is
comparable to the increased

power 0
e Al T L
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CVA6 1 Decode, In-Order, 6-stage

CO n C I u S i O n 2 Decode, In-Order, 6-stage

C910 3 Decode, 000, 12-stage

* Detailed and fair comparative analysis of PPA, and Energy Efficiency across three RISC-V

Despite the higher Area & Power overhead,
O00O Superscalar cores can remain

competitive in Area & Energy Efficiency

i

Energy Efficiency, which challenges the conventional belief that 00O cores are inherently less

energy-efficient than in-order cores. github.com/pulp-platform/pulp-c910

github.com/pulp-platform/cva6b
github.com/pulp-platform/cheshire
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Contributions

+®

P
(1) We conduct a detailed and fair comparative analysis of Performance, Area, Power,
and Energy Efficiency

- Three cores designed with different micro-architectures:

* CVAG6, a single-issue, scalar core

« (2) We present CVABS+, the extended version of the Superscalar variant of CVA6, achieving a 34.4%
performance improvement over CVA6 on the Embench-loT suite.

« (3) We present an Open-Source, fully RISC-V-compliant c910-based Superscalar 000 core,
featuring standard debug, interrupt, and memory interfaces.

- With the same: O github.com/pulp-platform/pulp-c910

* Base ISA (RV64IMAFDC)

* SoC environment

* Technology node (GF22 FDX)

* EDA tools

* Implementation methodology

« Benchmark binaries “%
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Backend Results: Area
JUETEIRE A S —

<
>
o 50 90 77 107 37 67 804 748

2.2% 3.9% 3.4% 4.7% 1.6% 2.9% 35.2% 32.8%
& m—
4
5 47 805 752

1.9% 33.4% 31.2%

o Decode & Issue Retire Icache Dcache Rest]
=, 702 29¢ 692 626 97
Q 17.6% 7.5% 17.3% 15.7% R.4Y%

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400
Area (in kGE)
Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

* Load Store Unit
« CVA6 25 kGE: 1-entry load unit & 8-entry store-queue
« CVAb6S+ Same as CVA6
« (910 338 kGE (13.5x): 16-entry load queue & 12-entry store queue
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Backend Results: Area

|

<
S
O 50 90 77 107 25 37 67 804 748

2.2% 3.9% 3.4% 4.7% 1.1% 1.6% 2.9% 35.2% 32.8%

()52

+
m '
@ 4
g
O 100 120 103 111 25 47 67 805 752

4.2% 5.0% 4.3% 4.6% 1.0% 1.9% 2.8% 33.4% 31.2%
o Fetch Decode & Issue nt Exe FPU LSU Retire MMU cache pcache Res
P 417 702 240 EEL 338 245 692 626 97J
O 10.4% 17.6% 6.0% 8.4% 8.5% 7.5% 6.1% 17.3% 15.7% D.49

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400
Area (in kGE)
Area Breakdown [kGE] near the respective maximum target operating frequency: CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz.

* |In Total
« W/ 64 KB, 2-way |-cache & D-cache « W/o cache
« CVAe6: 2,282 kGE « CVAe6: 730 kGE
« CVAb6S+: 2,408 kGE (1.06x) « CVAb6S+: 851 kGE (1.17x)
« (C910: 3,992 kGE (1.75x) « (C910: 2,674 kGE (3.7x)
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Backend Results: Power

H 1.29 mW
SRR g 72 ML ] =
<
S
O 0.7/15.4 1.8/14.0
23.0% 22.6%
+
(73]
O -
g ' | | :
ol 2.2/17.4 ) ; 0.8/16.2 1.9/15.3
20.8% | ; 18.1% 18.3%
S | Decode & Issue et ‘ Icache Dcache
< 4.6/54.6 | ) 5 3 0.4/29.6 0.4/21.0
O 27.6% i % | ¢ 13.9% 10.0%
0 25 50 75 100 125 150 175 200

Power (in mW)

Power Breakdown (Leakage/Dynamic Power) [mW] near the respective maximum target operating frequency:
CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz. Benchmark: matmult-int

* Retire Logic
« CVA6 3.2 mW: 2 retire per cycle, but the second slot is rarely utilized
« CVAG6S+ 8.3 mW (2.6x): 2-retire
« (910 21.7 mW (6.8x): 3-retire
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Backend Results: Power

CVAG6

J 0.4/2.6
| 4.2%

1.8/9.9 5( 2/2.1 0.2/1.8 0.2/3.0 0. 0.7/15.4 1.8/14.0
16.7% 14.7% 2.9% 4.6% 1 23.0% 22.6%

2.2/17.4 ‘ ] 0323 | 8/75 0. 0.8/16.2 1.9/15.3
20.8% | A 2.8% | 8%

CVA6S+

]
= A & NCELLY
!
!
SR

= | Decode & Issue i LSU Icache Dcache
ol 4.6/54.6 , 1.4/18.7 0.4/29.6 0.4/21.0
O 27.6% ! 9.4% 0% 0

0 25 50 75 100 125 150 175 200
Power (in mW)

Power Breakdown (Leakage/Dynamic Power) [mW] near the respective maximum target operating frequency:
CVA6 and CVA6S+ at 900MHz, while C910 at 1300 MHz. Benchmark: matmult-int

* |In Total
« W/ 64 KB, 2-way |-cache & D-cache « W/o cache
« CVAe6: 69.88 mW « CVAe6: 37.98 mW
« CVAb6S+: 94.29 mW (1.35x) « CVAb6S+: 60.09 mW (1.58x)
. C910: 214.81 mW (3.1x) . C910: 163.41 mW (4.3x)
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Energy Efficiency: A Rising Concern

Prevailing Energy Efficient Design: Heterogeneous CPU cluster

* High Performance Core + Low Power Core

» Balance Peak Performance with Power-Efficient Handling of Lightweight Tasks

rivate L4 Cacine

Dl LITTLE Which core offers better
Energy Efficiency?

|

Core A; —

[———p=

Core B: — \

Wide Decode Width
Intel Performance Cores and ARM big.LITTLE design Out-of-Order

Efficient Cores >10 Pipeline Stages

-

Narrow Decode Width
In-Order
3-10 Pipeline Stages
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Putting it all together:

- Area-Energy Efficiency
(GOPS/mm2/W)
- CVAG6S+ always the best
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* numbers with the same config of cache

¢ i

IR
P LR
| L

Fu et al. | Computing Frontiers | 2025-05-29 ':l 67



